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Laboratory experiments revealed a relationship between microcystin (MCYST) production and cell division. In
order to evaluate this relationship, a model with two differential equations describing population growth and MCYST
production was applied. It is demonstrated that MCYST production and expected maximum values of MCYST cell
quota are generally well explained by this approach. Furthermore, the relevance of the two model parameters MCYST
production coefﬁcient p and MCYST depletion rate dM was analysed. It was found that even low values of the
depletion rate (only 0.02 d1 of actual MCYST) support the experimentally observable variability of MCYST cell
quota. Nevertheless, the correlation between growth rate and MCYST production rate remained to be signiﬁcant. The
maximum of observable MCYST cell quota is chieﬂy inﬂuenced by the growth rate and MCYST production
coefﬁcient. MCYST cell quota of the inoculum was identiﬁed as an additional factor inﬂuencing MCYST cell quota of
a growing population, but this effect is of minor importance and only of relevance during early exponential growth.
The model allows for a dynamic estimation of MCYST production in batch and continuous cultures as well. Future
research about the ecological role of MCYSTs should not stick on correlations between cell quota and environmental
factors only, but instead focus on factors, which control the production coefﬁcient p.
r 2008 Elsevier GmbH. All rights reserved.
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Microcystins (MCYSTs) are cyclic heptapeptides
which are produced by several genera of cyanobacteria
such as Microcystis, Planktothrix, Anabaena, Nostoc,
Anabaenopsis, Hapalosiphon, Anabaenopsis, Oscillatoria
(Codd et al., 2005). The ability to produce MCYST is
not intrinsic for all taxa or strains. It is assumed that
MCYST production results in an ecological beneﬁt for
the producer. However, the underlying physiologicale front matter r 2008 Elsevier GmbH. All rights reserved.
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ing author.
ess: sabine.jaehnichen@tu-dresden.de (S. Ja¨hnichen).function is still unknown. Hypotheses regarding the
ecological role of MCYSTs emanate from an intracel-
lular or extracellular function (Kaebernick and Neilan,
2001).
Concluding from growth studies of different species, a
correlation between MCYST production and cell divi-
sion was found (Orr and Jones, 1998). Furthermore,
MCYST cell quota was predicted to reach minimum
values at minimum growth rate and maximum values at
maximum growth rate (Long et al., 2001). In contrast to
these ﬁndings, Lyck (2004) inferred from the observed
linear relationship between growth rate and MCYST
production that the MCYST cell quota is invariable.
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(2001) were attributed to a ‘‘more complex relationship’’
(Lyck, 2004).
The present study was undertaken to show whether a
model of two coupled differential equations descri-
bing MCYST production (Ja¨hnichen et al., 2001) is
contradictory or equivalent to the relation between
MCYST production and cell division (Orr and Jones,
1998). Furthermore, the model was employed to
elucidate the variability of MCYST cell quota and to
separate parameters, which primarily control MCYST
production.Methods
MCYST production was described by a model of
ordinary differential equations, which consists essen-
tially of one equation for growth (1a) and (1b) and a
second equation for growth-dependent MCYST pro-
duction (2a) and (2b).
Population growth can be described by the following
logistic equation:
dX
dt
¼ mX 1 X
K
 
(1a)
with state variable X (cell abundance), instantaneous
growth rate m and carrying capacity K. It is also possible
to apply a substrate-dependent growth approach for
batch cultures or a two-step approach with resting cells
for cultures with lag phase (Ja¨hnichen et al., 2001);
however, the logistic growth equation is the minimum
model that is sufﬁcient for our purpose. MCYST
production is described according to Ja¨hnichen et al.
(2001) as a growth-dependent process:
dM
dt
¼ pmX 1 X
K
 
 dMM, (2a)
where the MCYST production coefﬁcient p describes a
constant (or variable, given later) MCYST amount
passed to every new cell and dM is a ﬁrst-order MCYST
depletion rate.Table 1. Range of model parameters based on batch culture and che
(1998), (c) Ja¨hnichen et al. (2001) and (d) Watanabe et al. (1989)
Parameter Maximum
Growth rate, m (d1) 1
Carrying capacity, K (cellsml1) 108
MCYST production coefﬁcient, p (fg cell1) 150
Depletion rate, dM (d
1) 0.05
Initial cell quota, QMCYST,0 (fg cell
1)
aThe depletion rate was derived from the intercept of the correlation betwe
former experiments (Ja¨hnichen et al., 2001).The equations are analogous for chemostat cultures,
where the development of cell abundance (X) over time
(t) is given by mass-balance as follows:
dX
dt
¼ ðmDÞX (1b)
with growth rate (m) and dilution rate (D) and the
MCYST state equation accordingly as
dM
dt
¼ pmX DM  dMM. (2b)
Substrate dependence of growth in the chemostat
is described using the Monod functional response
with maximum growth rate mmax and half saturation
constant ks:
m ¼ mmaxS
kS þ S
, (3)
where the mass balance of the limiting substrate S, e.g.
phosphorus or nitrogen, is described by an additional
state equation as follows:
dS
dt
¼ DðS0  SÞ 
1
Y
mX (4)
with yield constant Y and substrate concentration S0 in
the inﬂow. Concrete values of all model parameters were
derived from different growth experiments (see Table 1).
In order to compare model results with observational
data from experiments, per capita growth rate (mc) and
an MCYST production rate (mMCYST) are calculated for
batch cultures as
mc ¼
1
X
dX
dt
(5)
and
mMCYST ¼
1
M
dM
dt
. (6)
The MCYST cell quota is calculated as quotient
between MCYST and cells as follows:
QMCYST ¼
M
X
. (7)
For batch cultures without lag, the exponential growth
phase is deﬁned as the phase from inoculation until themostat experiments by (a) Long et al. (2001), (b) Orr and Jones
Minimum Default value Reference
0.1 0.3 a and c
106 107 b, c and d
50 100 b
0.0 0.02 ba
91.5
en growth rate and MCYST production rate, and is supported by our
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(McMeekin, 1993).Random variation of model parameters
In addition to analytical considerations and numerical
simulations with ﬁxed parameters, Monte-Carlo simula-
tions were carried out in order to analyse the effect of
dynamic ﬂuctuations of MCYST production coefﬁcient
p and depletion rate dM. In reality, such a variation can
be either a pure stochastic variability or a result of
physiological control. We assumed uniformly distri-
buted variation within plausible parameter ranges
(Table 1) and a certain amount of auto-correlation
between parameter values at successive days to account
for retardation of physiological processes. New values
for p and dM were selected randomly on every day
of each simulation run with a certain dependence
(autocorrelation) on the values on the day before.
Autocorrelated random numbers were generated using
the conditional distribution method for the Plackett
bivariate uniform distribution (Johnson et al. 1984;
Nelsen, 2006). The autocorrelation coefﬁcient was set to
a value of r ¼ 0.7 (r2 ¼ 0.5) to respect that p and dM do
neither vary completely at random (r ¼ 0) on one side
and are also not constant over the whole time (r ¼ 1).
Such an intermediate value of r can be regarded as a
plausible and also somewhat arbitrary, but additional
simulations showed that the conﬁdence range is
independent on particular values of r.Sensitivity analysis
The relative importance of parameter variability in
determining the output variable QMCYST was estimated
by computing relative-relative sensitivity according to
Reichert (1994) as
Dr;ry;a ¼
a
y
Dy
Da
with Da ¼ a aext and Dy ¼ y yext,
(8)
where a is a model parameter (p or dM), y is a model
output, e.g. MCYST cell quota (QMCYST) and the changes
Da resp. Dy are the differences between default and
extreme (i.e. minimum or maximum) parameter values
(aext) and the respective outputs yext. The relative-relative
sensitivity Dr;ry;a is non-dimensional and allows to compare
not only different parameters but also different output
variables independently of their measurement units.
All calculations were implemented using the R
programming language for statistical computing
(R Development Core Team, 2007) and the simecol
package (Petzoldt and Rinke, 2007).Results
Batch cultures
As a ﬁrst step, growth and MCYST production of
batch cultures were simulated using the default para-
meter set (Table 1). In detail, MCYST production
without any and with depletion was compared. The
curve of MCYST concentration follows that of cell
abundance as expected under the assumption of
no depletion (dM ¼ 0, Fig. 1A), but in case of depletion
(dM40), it exhibits a decay during the stationary
phase after a maximum at the end of the exponential
growth. Moreover, in case of MCYST production
without depletion (dM ¼ 0), higher MCYST concentra-
tions occur and only under the assumption of a positive
depletion rate (dM40), a decrease of MCYST cell
quota can be observed (Fig. 1B). Note that although
the MCYST production coefﬁcient is constant,
MCYST cell quota can be variable over time. How-
ever, when estimating mean values of MCYST cell
quota during exponential growth, only a low varia-
tion of quota occurs (91.971.6 SD, coefﬁcient of
variation ¼ 0.017). This variation increases as growth
passed into the stationary phase. Nevertheless, devia-
tions from linearity between growth rate mc and
MCYST production rate mMCYST are small and the
correlation appears to be signiﬁcant (Fig. 1C, Table 2).
Furthermore, it is remarkable that the relationship is
not strictly linear, but the dependence (Fig. 1C) is
concave only at high per capita growth rates due to
the inﬂuence of the low initial MCYST of the inoculum
and convex during transition from exponential to
stationary growth (at low per capita growth rates) if
depletion is included.
In order to analyse the potential inﬂuence of a varying
MCYST production coefﬁcient p and a varying deple-
tion rate dM, Monte-Carlo simulations with random
ﬂuctuations of p and dM within plausible limits (Table 1)
were performed. A variation of the MCYST production
coefﬁcient by a factor of 3 resulted in remarkable
variation of MCYST cell quota QMCYST (Fig. 2A,
compare the respective minima and maxima). The
variation was lower if only the MCYST depletion rate
was allowed to ﬂuctuate between 0 and 0.05 (Fig. 2B).
On the other hand, a variable MCYST depletion rate
resulted in a stronger decrease of MCYST cell quota
QMCYST after transition to stationary growth. In this
phase variability of MCYST cell quota, QMCYST was
more pronounced. By variation of both, the MCYST
production coefﬁcient p and the depletion rate dM, a
high range of the MCYST cell quota QMCYST at
the start of exponential growth due the inﬂuence
of p and at the end due to the inﬂuence of dM was
observed (Fig. 2C). Regardless of which parameter was
disturbed, the linear relationship between growth rate
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Fig. 1. Growth and MCYST production (A), MCYST cell quota (B) and relationship between per capita growth rate and MCYST
production rate (C) calculated according to Eqs. (1a) and (2a) with dM ¼ 0 and dM ¼ 0.02, respectively. All other parameters are the
default values (see Table 1).
Table 2. Observed statistical relationship between per capita
growth rate and MCYST production rate during exponential
growth in dependence on the depletion rate dM
Depletion rate Slope Intercept r2
dM ¼ 0 1.03 0.0003 0.99
dM ¼ 0.02 1.08 0.0196 0.99
S. Ja¨hnichen et al. / Limnologica 38 (2008) 339–349342and MCYST production rate remains signiﬁcant
(Fig. 2D–F, Table 3).
In addition, MCYST cell quota can be inﬂuenced
by the initial MCYST cell quota of the inoculum
(Fig. 3). Presuming that MCYST cell quota can be
different depending on the actual growth phase of the
starter culture (see I–IV in Fig. 3A, B) it has a
remarkable inﬂuence on MCYST cell quota of the
following batch culture (Fig. 3C). With respect to
the relation between growth rate and MCYST
production rate, a deviation from linearity is observed
at high per capita growth rates, i.e. at the beginning
of the batch experiment (Fig. 3D). The deviation is
the greater the lower is the MCYST cell quota of
the inoculum. The regression is almost linear during
exponential growth and deviates again from the 1:1
relationship when reaching stationary growth due
to the inﬂuence of MCYST depletion. Nevertheless,
a strong linear relationship between MCYST
production rate and growth rate is observed over a
wide range of per capita growth rates (from mc ¼ 0.09
to 0.29 d1).
In addition to the analysis of the potential impact of
ﬂuctuating model parameters, a sensitivity analysis was
undertaken in order to quantify the relative impact of
the different parameters (Table 4) on the maximum
MCYST cell quota QMCYST,max. Assuming a minimum
and a maximum value for each parameter (see Table 1)the relative-relative sensitivity Dr;ry;a of maximum
MCYST cell quota QMCYST,max was estimated. Within
the chosen parameter range, the maximum MCYST cell
quota is considerably inﬂuenced by the MCYST
production coefﬁcient p and the MCYST cell quota of
the inoculum QMCYST,0. On the other hand, the impacts
of carrying capacity, MCYST depletion rate and growth
rate on MCYST cell quota are minor. Effects of growth
rate on MCYST cell quota occur only when growth rate
converges to zero.
The relevance of the model was validated using batch
culture data from Orr and Jones (1998). Thereby,
simulations with a stochastic variability of the MCYST
production coefﬁcient by a factor of 3, a mean of
100 fg cell1 and a ﬁxed depletion of 0.02 were in
accordance with experimental data of Orr and Jones
(1998) (Fig. 4).Continuous cultures
The main characteristics of continuous cultures at
equilibrium conditions (dX/dt ¼ 0, dM/dt ¼ 0, m ¼ D)
can be derived analytically from the model. In addition,
examples of transient behaviour at certain dilution
rates are demonstrated by simulation (Fig. 5). Derived
from Eqs. (1b) and (2b), MCYST cell quota under
steady-state conditions is determined as QMCYST ¼
M=X ¼ pm=ðmþ dMÞ, i.e. the dependence of MCYST
cell quota on growth rate should follow a Monod-like
curve. The equilibrium MCYST cell quota QMCYST for
low growth rates (m5dM) should converge to zero
(Fig. 5A) and for high growth rates (mcdM) to the
MCYST production coefﬁcient p (Fig. 5C and D).
The higher the dilution resp. growth rate, the closer
should QMCYST approach p. If m ¼ dM, the equilibrium
cell quota is half the production coefﬁcient, i.e.
QMCYST ¼M/X ¼ p/2 (Fig. 5B). The chemostat is
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Fig. 2. Effects of random variations of the MCYST production coefﬁcient (A, D), the depletion coefﬁcient (B, E) and both (C, F) on
the MCYST cell quota, and the relationship between per capita growth rate and MCYST production rate (for parameter values see
Table 1). All ﬁgures show mean (circles), standard deviation (error bars) and range (shaded area) of 4000 simulation runs.
Table 3. Observed statistical relationship between per capita growth rate and MCYST production rate in case of ﬂuctuating
MCYST production coefﬁcient p and depletion rate dM
Varied parameter Slope Intercept r2
MCYST production coefﬁcient, p 1.09 0.023 0.99
Depletion rate, dM 1.07 0.018 0.99
MCYST production coefﬁcient, p and depletion rate, dM 1.08 0.023 0.99
S. Ja¨hnichen et al. / Limnologica 38 (2008) 339–349 343identical to a batch culture at D ¼ 0 with MCYST
cell quota decreasing to zero due to the MCYST
depletion, and also at other low dilution rates QMCYSTremains transiently decreasing for a long time although
the cell abundance is already in equilibrium (see Fig. 5A
and B).
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Fig. 3. Inﬂuence of MCYST cell quota of the inoculum (A, B) on MCYST cell quota of the following batch culture (C) and on the
relationship between per capita growth rate and MCYST production rate (D). Growth rate, MCYST production rate and depletion
rate are the same as in Fig. 1 with the exception of the initial MCYST cell quota, which is variable. Roman numbers I–IV denote
different growth phases.
S. Ja¨hnichen et al. / Limnologica 38 (2008) 339–349344In order to evaluate the model further, it was ﬁtted
on data obtained from different continuous culture
experiments (Long et al., 2001; Wiedner et al., 2003;
Downing et al., 2005) (Fig. 6). Although these
experiments were different in respect of their limiting
factors (see Table 5), the dependence of MCYST cell
quota on growth rate was almost consistent, except
for the data from phosphorus-limited cultures of
Oh et al. (2000). Based on the ﬁt on all available
MCYST cell quotas except of Oh et al. (2000), an
MCYST production coefﬁcient of 196 fg cell1 and a
depletion of 0.68 were estimated. However, this estimate
should be regarded as an upper bound for bothparameters p and dM, because both parameters are
correlated and because growth rate cannot exceed its
maximum value. Using only the data of continuous
experiments from Long et al. (2001), both parameters
correspond better to the parameter achieved by batch
culture calculations (MCYST production coefﬁcient
p ¼ 131 fg cell1, depletion dM ¼ 0.21). If considering
data obtained from continuous culture experiments with
another species, Planktothrix agardhii (Tonk et al.,
2005) (Fig. 6), it is obvious that MCYST cell quotas can
also be higher at low growth rates, which might be due
to a lower depletion rate or an enhanced production
coefﬁcient.
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Table 4. Estimation of the impact of different parameters on the maximum MCYST cell quota QMCYST,max
Parameter Relative change of
parameters Da/a
Relative change of
output Dy/y
Relative-relative sensitivity of
QMCYST,max D
r;r
y;a
Growth rate, m (d1) 0.67 0.02 0.03
+2.33 +0.05 0.02
Carrying capacity, K (cellsml1) 0.9 0.02 0.02
+9.0 0 0
MCYST production coefﬁcient, p (fg cell1) 0.5 0.02 0.04
+0.5 0.48 0.95
MCYST depletion coefﬁcient, dM (d
1) 1.0 0.02 0.02
+1.5 0.07 0.02
Initial cell quota, QMCYST,0 (fg cell
1) 0.45 0.02 0.04
+0.09 0.07 0.78
Fig. 4. MCYST cell quota during growth of N-limited batch
cultures. Symbols are experimental data of ﬁve nitrate
treatments from Orr and Jones (1998). Areas represent ranges
of QMCYST between a minimum and a maximum value based
on 4000 Monte-Carlo-simulation runs with ﬂuctuating
MCYST production coefﬁcient (minimum 50 fg cell1, max-
imum 150 fg cell1). Calculations were done using growth
parameter m and K from Orr and Jones (1998) from batch
cultures with low (N1 ¼ 0.0086mM) and high nitrate
(N5 ¼ 1.107mM) concentrations.
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The suitability and explanatory power of the MCYST
production model was shown for batch and continuous
cultures as well. The model allowed us to show the
inﬂuence of MCYST production and depletion pro-
cesses on the correlation between growth rate mc andMCYST production rate mMCYST. Sensitivity analyses
were performed to evaluate potential impacts of
assumptions about model parameters on model results,
and in particular on the variability of MCYST cell
quota QMCYST. All simulations, including scenarios with
ﬂuctuating MCYST production and depletion coefﬁ-
cients, conﬁrm the nearly linear correlation between cell
division (growth) rate mc and MCYST production rate
mMCYST (Orr and Jones, 1998). Furthermore, the model
coincides with the predictions of Long et al. (2001) that
MCYST cell quota is maximum at maximum growth
rates and minimum when growth rate converges to zero.
In contrast to the interpretation that MCYST cell quota
is strictly linearly related to growth rate (Long et al.,
2001), the model shows that this relation is an
approximation to a maximum, which is reached
asymptotically at maximum growth rates. Nevertheless,
maximum MCYST cell quotas obtained by both models
are comparable in practice whereas minimum cell
quotas are better captured by the dynamic model.
Substantial modiﬁcations of MCYST cell quota can
occur as a result of a depletion of MCYST, which
becomes apparent at the transition from exponential to
stationary growth. The depletion rate of 2% (inter-
cept ¼ 0.02) was derived from the linear regression
between growth rate and MCYST production rate of
Orr and Jones (1998) although the authors assumed that
the regression line passed the origin. Moreover, one can
interpret the decrease of MCYST cell quota with
increasing time since inoculation as an indicator that
depletion really occurred. Consequently, depletion
cannot be excluded solely due to an observed linear
correlation between mc and mMCYST. Moreover, deple-
tion is also supported by model ﬁts to data from
preceding batch culture experiments (Ja¨hnichen et al.,
2001).
Owing to the fact that Orr and Jones (1998) analysed
total MCYST concentration depletion of MCYST may
be related to extracellular release, or due to intracellular
utilization or breakdown. The depletion rate obtained
from the re-evaluation of continuous cultures supports
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Fig. 5. MCYST cell quota during transient states in chemostat cultures at different dilution rates. Simulations were performed
according to Eqs. (1b), (2b), (3) and (4) with KS ¼ 4mM for nitrate (Nicklisch and Kohl, 1983), Y ¼ 105 cells nmol1 (estimated from
Oh et al., 2000), S0 ¼ 200mM (Long et al., 2001), p ¼ 100 fg cell1 and dM ¼ 0.02.
S. Ja¨hnichen et al. / Limnologica 38 (2008) 339–349346the latter assumption as extracellular MCYSTs were
negligible (Long et al., 2001; Wiedner et al., 2003). In
contrast to our model assumption Rohrlack and
Hyenstrand (2007) ruled out any depletion because no
decrease in radioactivity of an MCYST pool was
observed. However, instead of contrasting these ﬁndings
against our model assumptions one has to consider that
the depletion rate can be relatively low and is likely to be
overlooked, especially in short time intervals.
In general, a variation of MCYST content by a factor
of 2–3 is indicated by various laboratory experiments
(Kardinaal and Visser, 2005). Such variations may be
attributed to simultaneous growth of several morpho-
types or genotypes (Park et al., 1998, Ja¨hnichen et al.,
2001, Kardinaal et al., 2007) or an inﬂuence of abiotic
variables during growth of one strain or genotype. The
effects of this assumption were reproduced by Monte-
Carlo-simulation of MCYST production (Fig. 2).
Postulating such random variation, MCYST cell quota
obtained in experiments of Orr and Jones (1998) were
revisited (Fig. 4). MCYST cell quota of all ﬁve
treatments lie in the range of a maximum and minimumMCYST cell quota calculated under the assumption that
the MCYST production coefﬁcient can vary between 50
and 150 fg cell1. The result suggests a possible impact
of any external or internal factor on MCYST produc-
tion and thus supports a possible physiological control.
A further cue suggesting variability of the MCYST
production coefﬁcient is the inﬂuence of growth rate on
MCYST cell quota shown in continuous cultures.
Without any variation, MCYST cell quota should reach
a maximum according to a Monod-type equation
especially under steady-state conditions, but, in contin-
uous cultures an, compared to the model prediction
over-proportional, increase of MCYST cell quota with
increasing growth rates can be detected (Fig. 6).
According to our model assumptions the maximum
QMCYST ¼M/X ¼ p should be approached already at
growth rates which exceed the depletion rate (see Fig. 5).
However, experimental data summarized in Fig. 6 reveal
that either depletion in chemostat cultures is enhanced
compared to batch cultures or the MCYST production
coefﬁcient p is down-regulated at low m. If p is variable,
then the change of the MCYST production coefﬁcient p
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Fig. 6. Model ﬁts on MCYST cell quota obtained from different continuous culture experiments. For experimental details see Table 5,
solid line: model ﬁt on data of Long et al. (2001) only, dashed line: ﬁt on data of Long et al. (2001) and Wiedner et al. (2003), grey
line: ﬁt on data of Long et al. (2001), Wiedner et al. (2003) and Downing et al. (2005). MCYST concentrations which were given
relative to the dry mass (mgmg1) or biovolume (mgmm3) were converted to MCYST cell quotas as follows: data of Oh et al. (2000)
were recalculated based on a cell dry mass of 22 pg cell1, data of Tonk et al. (2005) were based on a cell volume of 28mm3.
Conversion factors were regarded as constant regardless of a possible inﬂuence of growth rate.
Table 5. Experimental details of chemostat experiments (MCYST cell quota in dependence on growth rate and model ﬁt see Fig. 6)
Micro-
organism
M. aeruginosa
MASH 01-A19
M. aeruginosa
PCC7806
M. aeruginosa
PCC7806
M. aeruginosa
UTEX2388
Planktothrix
agardhii 126/3
Experimental
conditions
Chemostat
nitrogen limited
N ¼ 200mM
Turbidostat light
variable
14–405 mEm2 s1
Chemostat nitrogen
variable
N ¼ 125–18000 mM
Chemostat P
limited P ¼ 6mM
Turbidostat light
variable
6–112mEm2 s1
Reference Long et al.
(2001)
Wiedner et al.
(2003)
Downing et al.
(2005)
Oh et al. (2000) Tonk et al. (2005)
S. Ja¨hnichen et al. / Limnologica 38 (2008) 339–349 347can be related to growth rate independently of the main
limiting nutrient. Data obtained in phosphorus-limited
cultures (Oh et al., 2000) obviously deviate from the
predicted maximum curve. As cell densities were low in
these investigations, we assume an analogy to effects
formerly observed in batch cultures (Ja¨hnichen et al.,
2001). We argue that at low cell densities, a physiolo-
gical status of the cells may occur which requires only
reduced de novo synthesis of MCYST or leads to
enhanced depletion. Whether it is directly or indirectly
linked to the status of phosphorus limitation or due to
the lack of another nutrient (e.g. carbon as postulated
by Ja¨hnichen et al., 2001) remains open. Based on the
model, it is consequently concluded that the observed
variance of MCYST cell quotas should be low in studies
with low variability of growth rates (see MCYST cell
quotas of P. agardhii from Tonk et al., 2005). It is also
expectable that MCYST cell quotas are low at lowgrowth rates like in the experiments of Downing et al.
(2005). Furthermore, as the equilibrium of cell quota
may be delayed after the equilibrium of cell density for
low growth rates (see Fig. 5), a certain range of MCYST
cell quota is plausible. Consequently, investigations of
the transient phase in chemostat experiments at low
dilution rates or consequently in batch cultures would
provide the opportunity to test whether MCYST is
depleted or not.
Simulations with ﬂuctuating MCYST production
coefﬁcients allowed us to estimate consequences of
non-speciﬁc control of the MCYST production coefﬁ-
cient p or to replicate MCYST production under ﬁeld
conditions where producers and non-producers coexist
(Kardinaal and Visser, 2005).
A validation of the impact of all parameters on
MCYST cell quota by sensitivity analysis revealed the
high importance of changes of the MCYST production
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growth rate (Table 4). Not only that the variation of the
MCYST production coefﬁcient may result in a variation
of MCYST cell quota, they are also inﬂuenced by the
timing of inoculation. This inﬂuence is more pro-
nounced during the early exponential growth phase
and may result in a deviation from the 1:1 relation
between growth rate and MCYST production rate.
A strong deviation occurs only, if cells from the late
exponential growth were inoculated. Among all scenar-
ios and analyses presented in this study, this is the only
case where the observed MCYST production rate is
remarkable elevated in relation to growth rate. This
aspect is of importance also under ﬁeld conditions as
Microcystis colonies which reinvade the water from
sediment may either have a high or a low individual
MCYST content (Ihle et al., 2005).
All simulations clearly show that an observed
correlation between growth rate mc and MCYST
production rate mMCYST does not conclusively
imply that MCYST cell quota QMCYST is constant
(as concluded by Lyck, 2004). Furthermore, all simula-
tions were consistent with a strong relation between
MCYST production and growth rate, especially during
exponential growth. Slight deviations from linearity
occur during the early exponential growth (high per
capita growth rates) but they are remarkable only
during the stationary phase (low per capita growth
rates). Considering only MCYST cell quota until the
transition to stationary growth, the cell quota measured
by Lyck (2004) also show this predicted decrease. A
stronger variation of MCYST cell quota was observed
only after the per capita growth rate approached values
near zero and may be caused by other factors apart from
photoautotrophic growth.
The approaches reveal that essential features of
MCYST production can be described by a model, which
is adequate for batch and continuous experiments as
well. In addition, the model permits an aggregation of
different experiments, independently from their under-
lying culture conditions. By compiling data from
different batch and continuous culture experiments, a
considerable consistency can be revealed irrespective of
the limiting factor. All calculations culminated in an
MCYST production coefﬁcient of p ¼ 100 fg cell1 with
margins of7p/2 which is equivalent to a variability by a
factor of 3. Based on this MCYST production
coefﬁcient and a given depletion rate, an upper bound
of MCYST cell quota in dependence on growth rate can
be estimated. Whether any control of MCYST produc-
tion exists should be visible by a reduction of the
MCYST production coefﬁcient. With respect to a
potential ecological/ecophysiological role of MCYSTs,
several distinctive features may be of interest: any
limiting factor inﬂuences MCYST production indirectly
as growth rate is affected by it. Depletion modulatesMCYST cell quotas in almost the same manner as
experimentally observed. MCYST depletion is rather
attributed to intracellular utilization or breakdown than
to a release of MCYST. Growth phase or growth
conditions which yielded in invariable and/or low
MCYST cell quotas can be identiﬁed as states of
suppressed MCYST production or enhanced depletion
or both.
Together with appropriate data respecting growth
phase and total concentrations of MCYSTs, the
proposed approach can be regarded as a baseline model
which allows for a dynamic understanding of the most
elementary processes related to MCYST production and
goes beyond a pure phenomenological characterization.
Future research about the ecological role of MCYSTs
should not stick on correlations between cell quota and
environmental factors only, but instead focus on factors
that control the production coefﬁcient p.Acknowledgements
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